Multiuser multiple-input multiple-output (MIMO) has great potential to substantially improve throughput of wireless networks. Unfortunately, it requires a significant amount of feedback for user selection, which prevents practical implementation. We propose a feedback reduced downlink multiuser MIMO system, where a signal-to-interference-plus-noise ratio (SINR) threshold is carefully designed. Only the users whose SINRs are above the threshold feed back their SINRs and channel direction information (CDI) to the base station. We establish a monotonic relation between the threshold and the average feedback overhead. Based on the established relation, we design the threshold that balances the tradeoff between the feedback load and the sum rate. Simulation results show that the proposed approach can achieve the same performance as the conventional full-feedback scheme (where every user feeds back its SINR and CDI), while our approach is able to reduce the system overhead by more than 40%. 
I. INTRODUCTION
In downlink multiuser multiple-input multiple-output (MIMO) wireless systems, the sumrate capacity can be achieved by using dirty paper coding (DPC) [1] . Unfortunately, DPC requires prohibitively high computational complexity, and therefore is of limited value in practice. To address this complexity issue, linear beamforming techniques have been developed [2] - [6] . Under an ideal assumption of perfect channel state information (CSI) at base stations, the sum rate of those techniques scales linearly with the number of the base station antennas (multiplexing) or double logarithmically with the number of users (multiuser diversity [7] ). However, in dominating frequency-division duplex (FDD) systems, perfect CSI is unavailable at base stations. Mobile users need to estimate and quantize their CSI before feeding it back. A large amount of feedback overhead would be required to alleviate degradation in the sum rate of the systems caused by imperfect CSI.
Progresses have been made in incorporating limited CSI feedback in multiuser MIMO [8] - [13] . In [14] , Yoo et al. proposed a semi-orthogonal user selection criterion for zero-forcing beamforming (ZFBF), where channel direction information (CDI) and signal-to-interference-plus-noise ratio (SINR) of every user are fed back to the base station.
The base station selects users one by one, where the channel of each selected user is geometrically semi-orthogonal to those of the already selected users. Analysis on the scheme, derived in [14] , was based on a large number approximation, and therefore is not suitable for a practical number of users. In [15] , every user compares its signal-to-noise ratio (SNR) with a predetermined threshold and feeds back the SNR, if the SNR exceeds the threshold.
However, the scheme was designed for single-input single-output (SISO) and does not feedback CDI. In [16] , [17] , a SINR threshold based feedback mechanism was proposed for random beamforming systems, where the base station arbitrarily produces a set of beams. In each beam, users that have SINRs exceed a predefined threshold feed back their SINRs, and the base station chooses the one who feeds back the largest SINR for service. A similar idea was proposed in [18] , where each user only feeds back one bit, indicating whether or not the SINR on a pre-selected beam is above a given threshold (as opposed to [16] , where the SINR for the best beam is fed back). In [19] , a SINR threshold was proposed to reduce the feedback overhead. Analyses were carried out under the assumption of a large number of users, and asymptotic sum-rates were derived.
In this paper, we propose a threshold based feedback mechanism for downlink multiuser MIMO beamforming, which is able to substantially reduce system overhead with a marginal loss of throughput. In the mechanism, only the users whose SINRs are above a predetermined threshold feed back their SINRs and CDI, thereby reducing feedback overhead. On receiving the feedback, the base station selects users from those who fed back, exploiting semi-orthogonal criteria. We analytically design the SINR threshold by deriving the SINR distribution of the users, and analyzing the feedback load and the sum rate. Our sum rate expression analysis reveals that there is a sum rate turning point with respect to the SINR threshold. When the threshold is below the point, the loss of the sum rate is negligible. In other words, the SINR threshold corresponding to the turning point is able to balance the tradeoff between the overhead and the sum rate. Simulation results show that our approach can achieve the same performance as the conventional full-feedback scheme (where every user feeds back its SINR and CDI), while reducing the system overhead by 40%.
The contributions of the paper can be summarized as follows.
• A new threshold based feedback mechanism for downlink multiuser MIMO (zero-forcing) beamforming systems, which is able to substantially reduce system overhead with marginal loss of throughput;
• The distribution of the downlink signal-to-interference noise ratio (SINR)
is explicitly derived in the presence of a practical number of users, facilitating the design of the feedback-reducing threshold;
• A new guideline to design the SINR threshold, which leverages system throughput and overhead;
• The tradeoff between the feedback overhead and the sum rate of downlink multiuser MIMO systems is analyzed.
The rest of the paper is organized as follows. In Section II, we describe the proposed feedback reduced multiuser MIMO scheme. In Section III, the proposed scheme is analytically characterized from the aspects of SINR distribution, feedback load, and sum rate, and the new SINR threshold is designed. Numerical results are provided in Section IV, 4 followed by conclusions in Section V.
Base Station 
User k feeds back the codeword index n. As such, the feedback is limited.
The user is also able to calculate the SINR lower bound that it would receive, if the user is selected to implement multiuser MIMO. Details are provided in the following.
In the multiuser MIMO system, a set of users, denoted by S, is selected. The received signal at the kth selected user is , 1, ,
where x is the transmitted signal, and the average transmit power { }
The kth selected user's received signal can be written as
where
is the channel gain vector of the kth user,
is a unit-norm beamforming vector generated by the base station, and ˆ0 , ,
, such that the interference between receiving users can be eliminated. s k is the scalar symbol of user k.
is the additive complex Gaussian noise with a unit variance. 
Decompose as
where k g is a unit vector on the (M-1) dimensional hyperplane orthogonal to k h .
Substituting (5) to (4), we can have
Note that the exact SINR given in (6) is practically intangible at the user terminals, since it depends on the beamforming vectors which are only available at the base station. Therefore, approximation needs to be taken, and a lower bound can be given by
Details are provided in Appendix I.
The user, i.e., user k, feeds back γ k , along with CDI codeword index, to the base station.
For simplicity, γ k is precise in this paper.
We propose to reduce the feedback by setting up a threshold, denoted by γ, for the achievable SINR at the users. Only the users whose SINRs are beyond the threshold (e.g., γ k ≥ γ) feed back the B-bit index to their quantized CDIs, as well as their SINR lower bounds. We carefully design the SINR threshold, so that the data rate loss caused by reduced feedback is marginal while the overhead can be significantly saved. Details are provided in Section III.
At the base station, we consider a semi-orthogonal user selection method [6] .
Specifically, among all the users that feed back CDIs, the base station first selects the one with the largest SINR, denoted by user (1) π . After that, the base station serially selects users.
More specifically, only the users that are semi-orthogonal to the already selected users in terms of CDI are eligible to be selected. The set of eligible users for the selection of the (i+1)th user, denoted by ( 1) i π + , is given by
where ε is the maximum spatial correlation allowed between quantized channels of the selected users. The user that has the largest SINR among all the eligible users is selected to be
In every transmission opportunity, the base station carries out the semi-orthogonal user selection, and admits up to M users. The remaining, unselected users would be scheduled in the subsequent transmission opportunities.
III. Analytical Design of the Proposed SINR Threshold
In this section, we analytically characterize the proposed system to design the SINR threshold proposed in Section II. To do this, we first derive the distribution of the received SINR at the users. Then, we analyze the system on the aspects of overhead and sum rate based on the derived SINR distribution. A heavily built-up urban environment is considered, as there is a large amount of mobile traffic and therefore the potential of employing multiuser MIMO techniques is promising. In this environment, the users' channel fading is typically
Rayleigh. In other words,
has complex Gaussian entries with zero mean and unit variance, and is isotropically randomly distributed. Consider block fading. The channel coefficients stay the same within each block (i.e., a transmission opportunity), but vary from block to block. Our analysis is based on this first-order statistics of the channels. In order to derive the SINR distribution, we use the quantization upper bound (QUB) [14] to present the codebook. One reason is that the optimal codebook is difficult to design, except for special cases [11] , [12] . Another reason is that the QUB provides the theoretically optimal design of codebooks to quantize isotropically randomly distributed channel vectors [14] .
In the QUB, each codeword is characterized as a Voronoi cell:
As shown in Fig. 2 , the Voronoi cell can be approximated to a spherical cap in a unit norm 8 hypersphere, as given by. −1, the CDF of k γ was not provided in [14] . We proceed to derive the CDF.
First, we define two independent Gamma random variables X with parameters and with parameters . Let 
Given the distribution (11), k γ has the same distribution as γ . Finally, we have The last equality in (15) 
B. Feedback Load Analysis
We use the average number of users that send back their CDIs and SINRs to the base station as an indicator for the feedback load. The probability at which there are i users that exceed the SINR threshold γ can be calculated by
where the binomial coefficient
Then, the expected number of users that feed back CDIs and SINRs is given by
Clearly, is a function of the threshold U γ , the quantization accuracy , the antenna B number M , the total number of users , and the power K ρ .
In Fig. 3 , the analytical expression (19) is validated by carrying out Monte-Carlo simulations, where the analysis and simulation match each other with marginal discrepancy. It is worth mentioning that for clarity purpose, the y-axis of the figure starts from 20. As a result, the difference between the analytical results and simulations appears to be larger than it actually is. As confirmed in the figure, (19) is effective to analytically characterize the feedback overhead of the system. We proceed to analyze the sum rate of the proposed system. As described in Section II, on selecting the (i+1)th user, the base station selects the user with the largest SINR from
. Denote the SINR of ( 1) i π +
by ( 1) i π γ + . Exploiting the Order Statistics, the probability density function (PDF) and the CDF of ( 1) s i γ + can be written
and ( 1) ( ) (
where i
A denotes the size of
x is the PDF of k γ and can be obtained from (12) and (15) . Clearly, 0
A U = .
For , Finally, the sum rate of the proposed scheme can be expressed as . A shoulder effect can be observed. Specifically, when the threshold γ is less than 0 γ (= 4dB), the sum rate loss that our proposed scheme experiences is marginal (e.g., within 2%). When the threshold γ is beyond 0 γ , the sum rate starts to decrease. The reason is because this threshold 0 γ can stop the users with poor channel conditions, i.e., low achievable SINRs, from feeding back their CDIs and SINRs. The sum rate is not much affected, as those users are unlikely to be selected at the base station. If a higher threshold (> 0 γ ) is used, some users that can be selected and contribute to increasing the sum rate may be prevented from feeding back and being selected. As a result, the sum rate loss is substantial. In this sense, 0 γ is the threshold that we should choose to keep the loss of the sum rate negligible, while substantially reducing the feedback load.
Likewise, we can numerically achieve the appropriate feedback threshold (which is the turning point, as the one shown in the figure). To be specific, for every gamma we are able to plot fine-resolution sum rate-threshold curve and pick up the turning point below which the 14 sum rate loss is negligible. simulate the algorithm proposed in [14] , referred to "full feedback scheme", where all users send back their CDI and SINR. We also simulate the DPC, as it provides the sum-rate capacity. DPC acts as the sum-rate benchmark to both our proposed feedback reduced method and the existing full feedback scheme.
In Figure 6 , we compare the sum rates of our proposed scheme and the full feedback scheme. We show that the proposed feedback reduced scheme is able to achieve the sum rate indistinguishably close to the sum rate that the full feedback scheme can provide, across a wide range of user numbers. We also show that the proposed approach can achieve the same growth rate of the sum rate as the optimal DPC, with an increasing number of users. In Figure 7 , we compare the feedback load of the proposed scheme with that of the full feedback scheme. It shows that our scheme is able to reduce the feedback load by 40%, compared to the full feedback scheme. This reduction becomes very significant in the case where there are a large number of users.
It is worth pointing out that our design of the SINR threshold 0 γ corresponding to the sum-rate turning point is able to prevent unnecessary feedback from the users with poor channel conditions, thereby reducing the feedback load without degrading the sum rate. This can be confirmed by comparing Figs. 7 and 5. Specifically, in the case of 60 users, when 0 γ is set to be 4 dB, only 37 of the users on average need to feed back their CDIs and SINRs, as shown in Fig. 7 . The remaining 23 users do not need to feed back, because they are very unlikely to be selected due to their poor channel conditions. Selecting from the 37 feeding-back users provides similar sum rate to selecting from all the 60 users, as revealed earlier in Fig. 6 . 
V. Conclusions
In this paper, we proposed a SINR threshold based feedback scheme for downlink multiuser MIMO systems, which is able to substantially reduce the feedback overhead while the sum rate loss of the system is marginal. We derived the SINR distributions, the feedback load, and the sum rate for our approach, and analytically designed the SINR threshold.
Simulation results confirmed that our approach can significantly reduce the feedback load, meanwhile the sum rate of the approach is indistinguishably close to that of the full feedback scheme.
